ABSTRACT: Methane production from Welsh ponies fed 2 isoenergetic diets (NE basis) at maintenance was studied in a crossover design with 4 mature geldings (230 ± 10.5 kg BW, mean ± SE). Treatments included a roughage-only (R) diet (5.1 kg DM/d) or a roughage plus cereal mix (RC) diet (2.5 kg DM hay/d plus 1.1 kg DM cereal mix/d). For both diets, the same grass hay was used (898 g DM/kg and 4.5 MJ NE m /kg DM) and a commercial cereal mix was used in the RC diet (890 g DM/kg and 9.6 MJ NE m /kg DM). Ponies were housed in pairs in climate-controlled respiration chambers. Carbon dioxide production (CO 2 ), oxygen (O 2 ) consumption, and CH 4 production were measured over 3 consecutive days. Heat production (HP) rates were calculated from gaseous exchange. Feces were collected quantitatively to determine dietary nutrient digestibility. Dry matter intake differed between diets (P < 0.0001), but NE intake was equal for both diets (22.3 ± 0.07 MJ NE m /d). Organic matter digestibility was lower (P = 0.006) for the R diet (47.2%) than the RC diet (55.6%). Methane production was higher (P = 0.014) on the R diet (29.8 L·pony -1 ·d -1 ) compared to the RC diet (23.2 L·pony -1 ·d -1 ). Methane production expressed in liters/kilogram metabolic body weight (BW 0.75 ) per day tended (P = 0.064) to decrease with 21% for the RC group compared with the R group. Heat production, O 2 consumption, and CO 2 production were not affected by diet. Diurnal patterns of CH 4 production and HP were similar for both diets. Methane production increased slightly (P < 0.652) after feeding and was numerically lower for the RC diet for all time points throughout the day. For both diets, HP was higher after feeding than before feeding and decreased again within approximately 3 h after feeding. Isoenergetic replacement of roughage by a cereal mix reduces CH 4 production in ponies. No clear diurnal pattern in CH 4 emission can be discerned in ponies fed at maintenance.
INTRODUCTION
Atmospheric CH 4 concentrations have increased over the past decades. Although CO 2 is quantitatively the most important greenhouse gas, the relative effect of CH 4 on the global warming is 25 times larger compared to CO 2 (IPCC, 2007) . A considerable part of anthropogenic CH 4 emission originates from agricultural activities, of which the main contribution comes from enteric CH 4 emissions of ruminants (Steinfeld et al., 2006) . Methane production is higher in ruminants than in monogastric animals, but some large herbivorous monogastric animals, such as horses, may have substantial CH 4 production due to fermentation in the hindgut (Jensen, 1996) .
The amount of CH 4 produced by ruminants is closely related to their diet composition, which makes dietary interventions, at least in these species, a feasible option to reduce CH 4 production (Ellis et al., 2008) . Unlike ruminants, equids are hindgut fermenters that partially digest organic matter prececally, making dietary intervention strategies less effective to reduce CH 4 . It can be hypothesized that diets containing large amounts of cereal mixes with enzymatic digestible starch sources may cause less CH 4 production compared to diets containing mainly roughage in horses. However, roughage rich diets are preferred from a health and welfare point of view (Elia et al., 2010) . Potential dietary interventions to reduce CH 4 emission in horses may, therefore, conflict with optimization of their welfare. Despite the large horse population worldwide, which has been estimated to be 59.8 million in 2013 (FAO, 2014) , quantitative CH 4 emission data from horses and ponies are scarce.
The main objective of this study was to determine how diet affects CH 4 emissions in ponies by quantifying CH 4 production in ponies fed isoenergetic (NE basis) diets that differed in the proportion of roughage and hydrolyzable carbohydrates. A secondary objective was to determine the effects of the dietary treatments on diurnal CH 4 production patterns.
MATERIALS AND METHODS

Animals and Diet
The experimental protocol was approved by the Animal Care and Use Committee of Wageningen University (Wageningen, the Netherlands). Four 4-yrold Welsh geldings (233 ± 10.8 kg, mean ± SE) were used in a crossover study and fed to maintenance energy requirements (21.3 MJ NE m ·pony -1 ·d -1 ) as specified by the Dutch Energy and Protein Evaluation System for horses (CVB, 2004) . Ponies were randomly allocated to either a total roughage-only (R) diet or a roughage plus cereal mix (RC) diet. Diets were provided to ensure identical amounts of NE intake for each animal, which was maintained by ensuring all cereal mix was consumed and minimizing roughage leftovers. The R diet consisted of mid-to late mature grass hay (5.1 kg DM/d) and the RC diet consisted of a 50:50 mixture (on NE basis) of grass hay plus a commercial cereal mix (2.5 and 1.1 kg DM/d, respectively; Table 1 ). Diets were provided to the ponies in 2 equal meals at 0800 and 2000 h. All animals received a vitamin and mineral supplement (100 g/d), which was fed once a day as part of the morning meal. Water was freely available at all times.
Study Design
The trial included 2 periods of 14 d, consisting of 5 diet-transition days followed by 5 diet-adaptation days and 4 subsequent collection days. During the transition and adaptation days, ponies were individually housed in stalls measuring approximately 2.5 m 2 , using wood shavings as bedding material. Every day, 4 h of free exercise were allowed in a paddock. Two days before each measurement period, stall bedding was removed and ponies were housed on rubber mats. After these 2 d, ponies were transferred to climate-controlled respiration chambers (CRC) where animals were housed in pairs (i.e., 2 ponies per chamber) on rubber mats. Ponies were allowed 1 d of adaptation to the CRC before commencing measurements of gaseous exchange and diet digestibility. Pairs of ponies fed the same diet were housed together in the CRC and were separated by a specially designed fence, which allowed individual feeding and fecal collection while animals were not restrained for visual and physical contact. The CRC used (length by width by height: 6 by 3 by 2 m) were described in detail by Verstegen et al. (1987) . Diet Digestibility. During the last 3 collection days, feces were quantitatively collected using a SAC collection device (SAC; Steed-Apple-Catcher BVBA, Lanaken, Belgium), water intake was measured, and feed leftovers were collected every 24 h before the morning feeding. Feed intake was corrected for these leftovers. All ponies had been previously adapted to the SAC. Every 12 h, SAC were emptied and a 25% sample of homogenized feces was taken and stored at -20°C. After each collection period, all 25% samples were pooled per pony and subsequently sampled (500 g) for chemical analysis.
In the first period, it appeared that the SAC were sometimes too small to hold all feces from a 12-h period. Therefore, in the second period, SAC were also emptied at 1200 and 2400 h. If feces fell on the floor, they were collected, weighed, and analyzed separately from feces in the SAC, to quantify the DM weight. The total fecal production was calculated as the sum of the DM weights of feces on the floor and feces in SAC.
Gaseous Exchange. In the respiration chambers, O 2 consumption, CO 2 production, and CH 4 production were measured and HP rates were calculated from gaseous exchange (Brouwer, 1965) . Production of CO 2 and CH 4 and consumption of O 2 was measured per chamber in 9-min intervals during the last 3 collection days of each period (Verstegen et al., 1987) . To obtain diurnal patterns of CH 4 and HP, periods of 90 min (i.e., the average of ten 9-min interval measurements) were used starting with the first measurement after the moment of feeding in either the morning or evening, resulting in 16 successive 90-min periods. The light schedule (0700 to 2100 h) and temperature (16°C) in the chambers reflected the average outside conditions during September 2011. The relative humidity was kept at 70% and the ventilation rate was 450 L/min.
Between 0800 and 0900 h and between 2000 and 2100 h and, in the second period, also between 1200 and 1300 h and between 0000 and 0100 h, the CRC were entered to feed the ponies and collect feces. Data on gaseous exchange measurements were discarded during the time personnel were inside the chamber. The times spend in chambers for feeding and feces collections were kept to a minimum and <40 min. Hence, the equivalent of three to four 9-min interval measurements out of 10 were discarded at feeding (0800 and 2000 h) and fecal collection times (1200 and 2400 h).
Chemical Analysis
Chemical analysis of feces was performed using feces originating from the SAC, as feces collected from the floor might have been contaminated with urine and feed leftovers. Dry matter and ash content of fecal samples, hay, and the cereal mix were gravimetrically determined after drying at 103°C (ISO 6496; ISO, 1999) and combustion at 550°C (ISO 5984; ISO, 2002) , respectively. Gross energy was determined according to the bomb calorimeter method (ISO 9831; ISO, 1998) . Neutral detergent fiber was determined using a modified method of Van Soest et al. (1991) with additional incubations in α-amylase and protease as described by Goelema et al. (1998) . Acid detergent fiber and ADL were determined following the procedure of Van Soest (1973) . Starch content was enzymatically determined (ISO 15914; ISO, 2004) . The Kjeldahl method (ISO 5983; ISO, 2002 ) was used to determine N content and CP was calculated by multiplication of total N content by 6.25. The dietary supplement was analyzed only for DM content, ash, and GE. Feed leftovers were composed only of hay and were analyzed for DM content and ash fraction. The NDF, ADF, ADL, GE, starch, and N content of the hay leftovers were calculated in the ash-free DM content based on the chemical composition of the diet.
Statistical Analysis
Gaseous exchange parameter measurements were calculated as the average of 2 ponies per chamber per period with chamber (n = 4) considered the experimental unit. Diet digestibility was determined for each individual pony (n = 8). The MIXED model procedure in SAS (version 9.2; SAS Inst. Inc., Cary, NC) was used to analyze diet digestibility using the following model: Y ijk = μ + diet i + period j + pony k + error ijk , where Y ijk represents the dependent variable, μ represents the mean, diet i corrects for the diet treatment (i = 1 − 2), period j corrects for the period effect (j = 1 − 2), pony k corrects for animal (k = 1 − 4) and error ijk denotes the error term, with diet and period as fixed effects and pony included in the RANDOM statement. with diet and period as fixed effects and pony included in the RANDOM statement. An interaction term diet × period did not contribute significantly to the model and was therefore excluded. The gaseous exchange parameters were analyzed using the following model: Y ij = μ + diet i + period j + error ij . Data are presented as least squares means and significance was declared at P = 0.05, and a trend was declared at P = 0.10. Methane and HP exchange rates for 90 min periods (expressed per kg BW 0.75 per d) were analyzed by repeated measures ANOVA, using the MIXED procedure in SAS and applying first order autoregressive procedures (Littell et al., 1998) . Diet, period, day, and hour were included as model main effects. Hour was included in the REPEATED statement, where data is correlated on the same pairs of ponies (i.e., chamber) by including diet × period(day) in the SUBJECT statement, with day nested within diet × period. Post hoc analyses were performed using Tukey multiple range test for pairwise comparisons, with differences declared significant at P = 0.05.
RESULTS
Ponies quickly adapted to housing in the respiration chambers, no stereotypical behavior was observed, and ponies appeared healthy during the whole experiment. Digestibility of DM, OM, starch, and energy was significantly (P ≤ 0.008) higher for the RC diet compared with the R diet ( Table 2) . Digestibility of NDF, ADF, and CP did not differ between diets.
The average daily hay leftovers were higher on the R diet (range: 100-180 g/d) than on the RC diet (range: 4-30 g/d). Dry matter intake was significantly higher (P < 0.0001) in the R group (Table 3) , but the realized NE intake was equal for both diets (388.0 ± 4.14 kJ NE m •kg BW -0.75 •d -1 ). The intake of GE and DE expressed per kilogram metabolic BW was also significantly lower for the RC diet than the R diet (P ≤ 0.011).
Methane production was higher (P = 0.014) on the R diet (29.8 L/d) than the RC diet (23.2 L/d). In comparison to the R group, CH 4 production expressed in liters/kilogram BW 0.75 per day tended (P = 0.064) to decrease for the RC group by 21%. Heat production (P = 0.361), O 2 consumption (P = 0.375), and CO 2 production (P = 0.304) did not differ between diets.
Diurnal patterns of CH 4 production and HP from period 1 and period 2 are shown in Fig. 1 . In periods 1 and 2, for both diets, similar patterns of CH 4 production and HP were observed. During the day in both periods, CH 4 production of the R diet was not different (P ≥ 0.713) at any time point compared with CH 4 production at the moment of feeding. This also applies for the RC diet (P ≥ 0.148). For both periods, when comparing HP of the R diet during the day with HP at the moment of feeding, HP was different (P < 0.0001) at all time points, except for the first time point directly after feeding (P = 1.0). Heat production for the RC diet was different (period 1, P ≤ 0.0005, and period 2, P ≤ 0.0001) at all time points when comparing with HP at the first time point after feed was offered.
DISCUSSION
The production of CH 4 measured in this study (29.8 and 23.2 L·pony -1 ·d -1 for the R and RC diet, respectively) is comparable with the results of Vermorel et al. (1997) . In contrast, Vermorel (1997) reported higher CH 4 emissions (38.0 L·pony -1 ·d -1 ) in ponies, whereas Kane et al. (1979) and Franz et al. (2010) observed considerable lower CH 4 emissions in Shetland ponies of 3.5 and 13.4 L·pony -1 ·d -1 , respectively. Although Franz et al. (2010) have shown a linear relationship (r 2 < 0.76; n = 23) between daily CH 4 emissions (L·pony -1 ·d -1 ) and BW in equids, a scaled CH 4 production per unit DM and GE intake showed a less clear relationship (r 2 < 0.30; n = 13). Due to a low sample size available, the linear relationship needs to be further confirmed (Franz et al., 2010) , and results from CH 4 emission trials with horses should be interpreted with caution when discussing CH 4 emission from ponies. The current study showed that there is a significant difference in CH 4 production between isoenergetic diets consisting either of roughage only or a combination of roughage and a cereal mix. This is in contrast with the results Table 3 . Dry matter intake, gaseous exchange, and heat production (HP) of Welsh ponies fed either a roughageonly (R) or a roughage plus cereal mix (RC) diet 1 Gaseous exchange parameters based on averages of 2 ponies per chamber (n = 2); intake data based on individual animals (n = 4).
2 BW 0.75 = metabolic BW.
3 GEI = realized GE intake.
4 DEI = DE intake.
5 NEI = NE intake.
of Vermorel et al. (1997) , who fed ponies 2 different diets (100% hay or 70% hay plus 30% concentrate, DM basis) but found no significant difference in daily CH 4 production between dietary treatments. Franz et al. (2010) reported CH 4 energy losses relative to GE intake (1.5% of GE intake) from ponies fed a roughage diet similar to our findings. In contrast, Vermorel et al. (1997) observed higher CH 4 energy losses of GE intake (2.1-3.0% of GE intake) for both diets compared with the present findings. This difference might be explained by the lower DMI in the study of Vermorel et al. (1997) , which averaged 2,518 g·pony -1 ·d -1 over treatments, compared to the overall average DMI observed in the present study (4,371 g·pony -1 ·d -1 ). Higher intakes are generally associated with a shorter retention time (Clauss et al., 2014) . Hence, less time was available for fermentation, which might have resulted in lower CH 4 production and CH 4 energy losses in the present study. The difference in hay intake between the study of Vermorel et al. (1997) and the current study might be explained by a combination of factors such as differences in palatability, BW, and apparent digestibility coefficients and differences in guidelines between the French and Dutch feed evaluation system for horses and ponies. Kane et al. (1979) reported very low average CH 4 emissions in Shetland ponies. The low levels of CH 4 produced (3.4 L·pony -1 ·d -1 ; 0.3% CH 4 energy loss of GE) were most likely explained by the diet composition, which consisted of a complete crimped oat diet absent of roughage and supplemented with different levels of corn oil. Corn oil contains high amounts of unsaturated fatty acids, which have been shown an effective strategy to reduce enteric methane emissions in ruminants (Beauchemin et al., 2008) . However, in the study of Kane et al. (1979) , supplementation of corn oil showed no mitigating effect on CH 4 production; hence, the low CH 4 emission seemed to be mainly attributed to the absence of roughage in a complete oat-based diet.
Methane production in ponies in the present study (15 to 20 kJ•kg BW -0.75 ·d -1 ) was lower than those observed in dairy cattle in the same respiration chambers (range from 160 to 210 kJ•kg BW -0.75 ·d -1 ; Van Zijderveld et al., 2011a,b) . Also, CH 4 energy losses in our ponies were relatively low compared to ruminants (1.37 to 1.44% of GE and 2.78 to 3.17% of DE in our ponies vs. 6.0% of GE and 8.0% of DE in ruminants; Johnson and Johnson, 1995) . Such a difference is expected because all feed is available for fermentation in the forestomachs of ruminants, whereas in ponies, a part of the ingested feed has been digested in the small intestine and only a reduced amount reaches the cecum for fermentation. However, a major part of the difference in CH 4 losses between ruminants and equids is explained by the shorter retention time of ingesta in horses (Pearson et al., 2006) . In ruminants, it is shown that ingesta retention time is an important factor for the amount of CH 4 produced (Franz et al., 2010) . Longer rumen retention time results in more time available for methanogens to produce CH 4 , and therefore, an increase in CH 4 production can be observed. Furthermore, the microbial population in the rumen and the equine hindgut differ. Depending on the microbial population present, several pathways are possible to remove hydrogen from the fermentation system. In both horses and ruminants, methanogenic Archaea are the predominant hydrogenotrophic microorganisms present in the digestive tract. However, compared to the rumen, a larger population of acetogens is present in the equine hindgut and seems to have a considerable contribution in removing hydrogen (Morvan et al., 1996) . Methanogens use H 2 as a substrate to reduce CO 2 with the production of CH 4 and H 2 O as a result (Moss et al., 2000; Ellis et al., 2008) . Acetogenic bacteria use hydrogen to reduce CO 2 and produce acetic acid, which can be absorbed into the blood and serve as an energy source for the horse (Morvan et al., 1996; Moss et al., 2000) .
The daily pattern of CH 4 production ( Fig. 1) suggests an increased production at or after feeding time. The continuous process of fermentation of slowly degradable carbohydrates should result in a continuous excretion of CH 4 . Probably feeding itself or the increased activity of the ponies around feeding time influences the motility of the intestine and promotes expulsion of feces and gasses. Cottrell et al. (1998) showed that the increase of pressure in the cecum can induce a higher frequency of flatulence after 4 to 5 min. In addition, these researchers observed that the arrival of the feeding attendant to fill the hay nets of the ponies used in that study corresponded with a characteristic increased frequency and amplitude of cecal contraction before feed was available or ingestion of feed began. This paraprandial phenomenon was referred to as "physic" phase (cephalic phase). This physic phase was associated with increased locomotion and attentiveness of the ponies and may explain why the increased gas production was already observed at or directly after feeding time.
Short-term CH 4 production measurements are subjected to additional sources of variation compared to daily CH 4 production measurements conducted in respiration chambers such as moment of feeding, feed intake, and activity of the animal (Hegarty, 2013 ). As we found no significant differences in CH 4 production at any time point during the day relative to the first CH 4 measurement after feeding, simplified short-term CH 4 production measurements might be used. As confinement and social isolation is a burden to the horses' welfare, simplified methods of measuring CH 4 production are preferred (Henderson, 2007) .
The debate regarding the environmental impact of equine husbandry is currently gaining awareness in the Netherlands and worldwide. The Intergovernmental Panel on Climate Change (IPCC) defined enteric CH 4 emissions of equines using the Tier 1 method and these are estimated at 18 kg animal -1 ·yr -1 at live weight of 550 kg (Eggleston et al., 2006) . This amount is equal to 0.158 kg CH 4 •kg BW -0.75 ·yr -1 . In the present study, we found lower CH 4 production for both diets, namely 0.102 and 0.131 kg CH 4 •kg BW -0.75 ·yr -1 for the RC and R diet, respectively. The difference between the CH 4 production estimated by the IPCC and our results may be due to different roughage qualities worldwide. Our results showed that CH 4 production was higher in roughage fed ponies compared to roughage and cereal mix fed ponies. From an environmental point of view, the application of dietary strategies resulting in low CH 4 production may be encouraged. A strategy could be to replace roughage with more readily fermentable carbohydrates. However, such dietary strategy may compromise the health and welfare of kept horses. A low roughage intake is associated with behavioral problems such as an increased risk of developing stereotypic behavior (Elia et al., 2010 ). In the current study, the ponies were fed to the guidelines of the Dutch Energy and Protein Evaluation System for horses (CVB, 2004) and, hence, received sufficient amounts of roughage. Furthermore, such strategy would imply a proportional increase of starchy feeds. However, this may result in an increased inflow of incompletely digested starch into the hindgut causing a disturbance of the microbiota residing in the hindgut, what has been associated with an increased acidity of the hindgut content and an accumulation of short-chain fatty acids and forms a risk factors for diet-associated colic (Richards et al., 2006; Vervuert et al., 2008; Durham, 2009) .
In conclusion, a significant difference in CH 4 production between a roughage diet and a roughage plus cereal mix diet in ponies is observed, which confirms that diets containing large amounts of a cereal mix cause less CH 4 production compared to diets containing mainly roughage. Diurnal patterns indicate no difference in CH 4 production during the day in ponies, which gives rise to the opportunity to use simplified techniques to measure daily CH 4 production.
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